The hypoxic tumor microenvironment has been shown to contribute to genetic instability. As one possible mechanism for this effect, we report that expression of the DNA mismatch repair (MMR) gene Mlh1 is specifically reduced in mammalian cells under hypoxia, whereas expression of other MMR genes, including Msh2, Msh6, and Pms2, is not altered at the mRNA level. However, levels of the PMS2 protein are reduced, consistent with destabilization of PMS2 in the absence of its heterodimer partner, MLH1. The hypoxia-induced reduction in Mlh1 mRNA was prevented by the histone deacetylase inhibitor trichostatin A, suggesting that hypoxia causes decreased Mlh1 transcription via histone deacetylation. In addition, treatment of cells with the iron chelator desferrioxamine also reduced MLH1 and PMS2 levels, in keeping with low oxygen tension being the stress signal that provokes the altered MMR gene expression. Functional MMR deficiency under hypoxia was detected as induced instability of a (CA) 29 dinucleotide repeat and by increased mutagenesis in a chromosomal reporter gene. These results identify a potential new pathway of genetic instability in cancer: hypoxia-induced reduction in the expression of key MMR proteins. In addition, this stress-induced genetic instability may represent a conceptual parallel to the pathway of stationary-phase mutagenesis seen in bacteria.
The hypoxic tumor microenvironment has been shown to contribute to genetic instability. As one possible mechanism for this effect, we report that expression of the DNA mismatch repair (MMR) gene Mlh1 is specifically reduced in mammalian cells under hypoxia, whereas expression of other MMR genes, including Msh2, Msh6, and Pms2, is not altered at the mRNA level. However, levels of the PMS2 protein are reduced, consistent with destabilization of PMS2 in the absence of its heterodimer partner, MLH1. The hypoxia-induced reduction in Mlh1 mRNA was prevented by the histone deacetylase inhibitor trichostatin A, suggesting that hypoxia causes decreased Mlh1 transcription via histone deacetylation. In addition, treatment of cells with the iron chelator desferrioxamine also reduced MLH1 and PMS2 levels, in keeping with low oxygen tension being the stress signal that provokes the altered MMR gene expression. Functional MMR deficiency under hypoxia was detected as induced instability of a (CA) 29 dinucleotide repeat and by increased mutagenesis in a chromosomal reporter gene. These results identify a potential new pathway of genetic instability in cancer: hypoxia-induced reduction in the expression of key MMR proteins. In addition, this stress-induced genetic instability may represent a conceptual parallel to the pathway of stationary-phase mutagenesis seen in bacteria.
It has been argued that the large number of mutations found in malignant cells cannot be accounted for by the low rate of mutation generally found among somatic cells, leading to the suggestion that there is a mutator phenotype in cancer (26) . The basis for this genetic instability has not been fully established. Much work has focused on the role of genetic defects in cancer cells affecting cell cycle regulation and DNA repair that could lead to genomic instability, such as in p53 (18) . Hereditary nonpolyposis colon carcinoma is linked to inherited defects in several of the human DNA mismatch repair (MMR) genes, including Msh2, Mlh1, and Pms2 (29) . Another cancerprone syndrome, xeroderma pigmentosum, affects individuals with mutations in genes associated with the nucleotide excision repair (NER) pathway (56) .
As an alternative mechanism by which genetic instability might arise in cancer, we and others have investigated the possible role of the tumor microenvironment (61) . Developing tumors form a unique tissue environment because their growth outstrips their blood supply, leading to hypoxia, low pH, and nutrient deprivation (39, 55) . Several studies have shown that hypoxia can alter chromosome metabolism, leading to gene amplification and fragile site induction (11, 37, 60) . Our prior work found that cells exposed to hypoxia in culture have increased frequencies of point mutations at reporter gene loci (36) . In addition, experimental tumors grown from cells implanted into mice show elevated levels of mutations compared to the same cells grown in parallel in normoxic culture, pointing to a deleterious effect of the tumor microenvironment on genome integrity in vivo (32, 36, 54) .
We have hypothesized that hypoxia and associated physiologic changes could cause mutagenesis either by producing DNA damage or by hindering DNA repair. Previous experiments have shown that repair of UV-induced DNA damage is functionally diminished in hypoxic cells (62) . However, in that work, we did not detect altered expression of factors in the NER pathway (which is responsible for UV damage repair), leading to the conclusion that the altered pH and other cellular changes related to hypoxia might serve to impair NER enzyme function rather than reduce NER gene expression.
In the present work, we have examined the status of the DNA MMR pathway under conditions of hypoxic stress. In mammalian cells, MMR is carried out by a series of proteins, including MSH2, MSH3, and MSH6 (homologues of the Escherichia coli MutS) and MLH1 and PMS2 (homologues of the E. coli MutL) (reviewed in reference 24). Heterodimers of the MutS homologues (either MSH2 and MSH3 or MSH2 and MSH6) act in concert with heterodimers of the MutL homologues (primarily MLH1 and PMS2) to mediate correction of replication errors as well as of DNA mismatches arising from other processes, such as recombination. We report here that levels of the MutL homologues MLH1 and PMS2 are reduced by hypoxia in mouse and human cells, whereas levels of the MutS homologues MSH2 and MSH6 are unaffected. We find that Mlh1 expression is specifically decreased at the mRNA level, and we provide evidence that this down-regulation can be attributed to diminished transcription due to histone deacetylation. In addition, a functional decrease in MMR activity under hypoxia was detected in both mouse and human cells by using two different reporter gene assays, including an assay for instability of a dinucleotide repeat sequence. These results identify a possible new pathway of acquired genetic instability in cancer.
RESULTS
To determine whether the expression of the MMR proteins may be modulated by the conditions of the tumor microenvironment, a mouse fibroblast cell line, 3340, was placed under low-oxygen conditions, and samples of total cellular protein were obtained for Western blot analyses over a 2-day time period of exposure (Fig. 1A) . After 48 h of hypoxic incubation, levels of the MutL homologues MLH1 and PMS2 were decreased in the hypoxic cells compared to normoxic cells, with relative decreases of seven-and fivefold, respectively. At the earlier 24-h time point, the differences were not as pronounced, but it was still possible to detect decreases in the ranges of twofold for both MLH1 and PMS2. In contrast, no hypoxia-related changes in the levels of either MSH2 or MSH6, two MutS homologues in the MMR pathway, were detected at any time during the 48-h period examined. We also saw no decrease in the levels of several NER proteins, including XPA, XPB, XPD, and XPG, in mouse cells under hypoxic conditions (reference 62 and data not shown). Levels of tubulin were also unchanged (Fig. 1A) and served as standards to confirm equal loading of cellular protein samples.
A similar analysis was undertaken with human HeLa cells (Fig. 1B) . Again, quantities of MLH1 and PMS2 were seen to drop with hypoxic incubation, especially at the 48-h time point, with decreases of six-and fourfold, respectively. Cellular levels of MSH2 and MSH6 were not altered. Note that in the same samples, the levels of the hypoxia-inducible transcription fac- tor HIF-1␣ (44) were substantially increased by the hypoxic treatment, providing a clear contrast to the decreased MLH1 and PMS2 levels and verifying that the cells were exposed to a physiologically relevant degree of hypoxia. To determine if the reduced levels of MLH1 and PMS2 expression are the result of decreased mRNA levels, Northern blot analyses were performed (Fig. 2) . In 3340 cells ( Fig. 2A) , Mlh1 mRNA levels were decreased upon hypoxic incubation (to 36% of the level in normoxia in the Northern blot shown), but those of Pms2 were essentially unchanged (108% of the level in normoxia). This experiment was repeated three times with similar results, with an average decrease in Mlh1 mRNA levels of approximately 3-to 3.5-fold and consistently with no change in Pms2 levels. Levels of Msh2 and Msh6 mRNAs were also unchanged ( Fig. 2A) .
HeLa cells exposed to hypoxia also showed a decrease in Mlh1 mRNA levels (2-to 2.5-fold) (Fig. 2B) . Analysis of a third cell line, EMT6, derived from a murine breast carcinoma (38) , again showed a drop in Mlh1 mRNA levels in hypoxia (12-fold) (Fig. 2C ) but no decrease in Pms2 mRNA levels. These results indicate that expression of Mlh1 is specifically reduced at the mRNA level in three different mouse and human cell lines exposed to hypoxia.
Note that Pms2 mRNA levels are not decreased by hypoxia, suggesting that the reduction in PMS2 protein levels seen in hypoxia may come about due to alterations in either translation efficiency or posttranslational stability. The latter is the more likely explanation, as destabilization of PMS2 in the absence of its heterodimer partner, MLH1, has been observed in the case of knockout mice deficient in MLH1 (58) .
It is thought that cells detect low oxygen tension through a heme-containing sensor protein (14) . The hypoxic state can be mimicked by using the iron chelator DFX, which is proposed to disrupt normal oxygen-sensing pathways in mammalian cells by inhibiting heme-Fe 2ϩ interactions; DFX therefore has been used as a hypoxia mimetic in cell culture (52) . Like hypoxia, DFX can stabilize HIF-1␣ (52), which stimulates the transcription of genes bearing the hypoxia response elements (28, 51, 52) . The stabilization of HIF-1␣ by hypoxia and by DFX has been attributed to reduced proline hydroxylation (6, 20, 21) . We exposed cells to DFX for 24 h and analyzed protein expression by Western blot analysis. Treatment of 3340, EMT6, and HeLa cells with DFX resulted in decreases in both MLH1 and PMS2 (Fig. 3A ) but no changes in either MSH2 or MSH6. As expected, HIF-1␣ levels were increased in the DFX-treated HeLa cells. Northern blot analyses (Fig. 3B ) revealed that Mlh1 mRNA was substantially decreased in the 3340 cells upon DFX exposure, but Pms2 mRNA levels were not affected. In EMT6 cells (Fig. 3C ), Mlh1 mRNA was also reduced by DFX treatment, with no decrease in Pms2. Similarly, in HeLa cells treated with DFX ( Fig. 3D ), Mlh1 mRNA levels were decreased. These results show that Mlh1 expression is reduced not only in truly hypoxic cells but also in cells in which hypoxia is simulated by interfering with normal cellular oxygen-sensing and -signaling pathways.
To investigate the mechanism by which hypoxia-induced signaling reduces Mlh1 gene expression, we considered the pos- sibility that Mlh1 promoter hypermethylation might play some role. Mlh1 expression is reduced in many sporadic cancers, and this has been associated with methylation of CpG-rich promoter regions (16, 22) . We used two sensitive assays for detection of methylation in genomic DNA, methylation-specific PCR (16) and combined bisulfite and restriction analysis (57) . Neither assay revealed changes in Mlh1 promoter methylation status in the cells exposed to hypoxia for 24 or 48 h (data not shown). As a further test of a possible role for methylation, we pretreated either 3340, EMT6, or HeLa cells with the methylation inhibitor azaC (9) for 24 h and then exposed them to hypoxia, while still maintaining them in azaC. There was a minimal effect of azaC on Mlh1 mRNA levels in hypoxic cells (Fig. 4A) .
However, when the cells were incubated in the presence of TSA, a specific inhibitor of histone deacetylases (27, 59) , the down-regulation of Mlh1 by hypoxia was prevented in all three cell lines ( Hence, it appears that hypoxic stress reduces Mlh1 expression in a manner that is dependent upon histone deacetylase activity, since the decrease in Mlh1 expression is prevented by TSA-mediated inhibition of histone deacetylases. This finding is consistent with previous studies linking histone deacetylation with the down-regulation of gene expression by hypoxia (23) . In the case of Mlh1, it is likely that the hypoxia-induced histone deacetylation occurs at the Mlh1 promoter locus, leading to a hypoacetylated state and thereby decreasing transcription of the Mlh1 gene. However, we cannot rule out the possibility that the reduced expression of Mlh1 in hypoxia is caused by a yet-to-be identified regulatory factor. The expression of this factor itself could be altered via changes in histone acetylation.
Interestingly, in normoxic cells, TSA did not cause an increase in Mlh1 mRNA and, in fact, appeared to cause a slight reduction in Mlh1 expression (Fig. 4B , compare lanes 1 and 3 for each cell line). That TSA might produce a decrease in Mlh1 gene expression in normoxic conditions is at first glance puzzling, since (i) the opposite effect is clearly seen under hypoxic conditions and (ii) TSA typically causes up-regulation of gene expression by altering the balance of histone acetylation and deacetylation to favor increased acetylation of chromatin (30) . However, the ability of TSA to cause a reduction in the expression of certain genes under normoxic conditions (possibly via unexpected activation of histone acetyltransferase activity at certain loci) has been reported (30) . Such genes include those for cdk-1, cyclin B1, and cyclin A (30) . Hence, it is plausible that the expression of Mlh1, like that of these other genes, may be reduced by TSA under normoxic conditions but may be increased by TSA under hypoxia. Nonetheless, these results provide evidence for a specific hypoxia-induced pathway in which changes in histone deacetylase activity cause reduced Mlh1 expression.
Since DFX was found to produce a decrease in Mlh1 expression similar to that induced by hypoxia, we tested whether the down-regulation of Mlh1 caused by DFX could also be prevented by TSA treatment (Fig. 4C) . Northern blot analyses of Mlh1 mRNA levels in 3340, EMT6, and HeLa cells revealed that TSA treatment does block Mlh1 down-regulation by DFX in all three cell lines. These results provide additional evidence for Mlh1 regulation at the level of histone acetylation, and they support the hypothesis that hypoxia and DFX cause decreased Mlh1 expression via similar mechanisms.
To test whether the hypoxia-induced Mlh1 down-regulation is stable or transient, we transferred 3340 mouse cells to normoxic conditions after 48 h of hypoxia, and we found that by 4 days the Mlh1 mRNA levels began to return to those of the normoxic controls (Fig. 5) . This suggests that the down-regulation is transient and reversible, a result that is consistent with our model of regulation at the level of histone acetylation.
HIF-1␣ is a key factor that regulates gene expression in response to hypoxia (43) . On examination of the Mlh1 promoter, we identified a putative hypoxia-responsive element at positions Ϫ84 to Ϫ80 (ACGTG) (19) , suggesting that Mlh1 To examine whether MMR is functionally diminished in hypoxic cells, we examined mutagenesis at a chromosomal locus in the 3340 cells. 3340 cells are derived from transgenic mice that contain multiple stably integrated copies of a lambda vector DNA at a single locus on chromosome 7 (13) . The mice and the mouse-derived 3340 cells were designed for mutation detection with the supFG1 reporter gene present in the lambda vector DNA (31) . In experiments performed in parallel to the Western and Northern analyses described above, samples of 3340 cells grown under hypoxic or normoxic conditions were harvested for analysis of mutagenesis in the supFG1 gene via lambda phage vector DNA rescue from mouse cell genomic DNA by using lambda packaging extracts (15, 62) . The phage vectors rescued from the hypoxic cells showed an approximately twofold increase in mutation frequency (Fig. 6A) . Sequence analysis of the mutations obtained from the hypoxic cells revealed that a majority were 1-bp deletions or insertions within the G ⅐ C base pair repeats at positions 99 to 105 and 172 to 179 (data not shown). Using a second reporter gene in the lambda vector (the cII gene), we also found a twofold increase in mutation frequency under hypoxia (7. [79 of 549,297] under hypoxia). As another approach to measure possible hypoxia-induced genetic instability, a mutation reporter construct was used to assay directly for the instability of simple repeated sequences that is the hallmark of MMR deficiency (48) . HeLa and EMT6 cells were each transfected with an episomal, replicative reporter construct, pCAR-OF (33), containing the ␤-galactosidase gene interrupted by a 58-bp out-of-frame poly (CA) 29 insertion tract at the 5Ј end of its coding region. Restoration of the proper reading frame occurs when replication slippage errors within the (CA) 29 tract escape correction by MMR. Hence, increased ␤-galactosidase activity is indicative of defective MMR. Following transfection (which included a luciferase vector as an internal control), the cells were placed under either hypoxic or normoxic conditions. After 48 h, cell lysates were assayed for ␤-galactosidase and luciferase activities (Fig.  6B ). Under hypoxia, the HeLa and EMT6 cells were found to express 1.9-and 1.7-fold, respectively, higher levels of ␤-galactosidase (relative to luciferase) than the same cells under normoxic conditions. When an otherwise similar ␤-galactosidase expression vector lacking the out-of-frame 58-bp insertion was tested in the cells, no differences in the ratio of ␤-galactosidase to luciferase expression between hypoxia and normoxia were detected (data not shown), suggesting that hypoxia otherwise has no effect on the relative expression of the ␤-galactosidase and luciferase constructs.
Hence, in HeLa cells, for example, in which we detected a 6-fold decrease in MLH1 levels under hypoxia by Western blotting (Fig. 1 ), we measured a 1.9-fold increase in genetic instability with the pCAR-OF assay. For comparison, when the same pCAR-OF assay was used with colon cancer cells in which the Mlh1 genes had been completely inactivated by mutation, 100-fold increases in ␤-galactosidase expression relative to that in wild-type cells were observed (33) . This comparison shows that there is still some residual MLH1 function and MMR activity in hypoxic cells and that hypoxic cells do not display the extreme genetic instability that is seen in completely MMR-deficient hereditary nonpolyposis colon carcinoma cells. However, the data do demonstrate that the reductions in MLH1 levels in HeLa and EMT6 cells under prolonged hypoxia are sufficient to produce measurable increases in genetic instability within a sequence context that is known to be unstable in the setting of MMR deficiency. As yet another way to quantify the instability of the (CA) 29 tract in hypoxic cells, the pCAR-OF plasmid vector DNA was rescued from the HeLa cells after 48 h under either normoxic or hypoxic conditions and used to transform indicator bacteria to assay for lacZ gene function (50) . Enumeration of the resulting bacterial colonies revealed a 1.6-fold-higher frequency of ␤-galactosidase-positive colonies in the samples derived from the hypoxic versus the normoxic cells (5. ,061] ). This result is consistent with the measurements of ␤-galactosidase expression in HeLa cell lysates (see above) and again shows hypoxia-induced instability of the (CA) 29 tract, as would be expected from a reduction in MMR activity. Hence, taken together, the experiments with the pCAR-OF assay in HeLa and EMT6 cells and with the supFG1 and cII chromosomal reporter gene assays in 3340 cells provide quantitative evidence for low but detectable levels of hypoxia-induced mutagenesis at repeated sequences, a characteristic of MMR deficiency.
DISCUSSION
To explore the mechanisms underlying tumor microenvironment-induced genetic instability, we investigated whether the hypoxic conditions found in solid tumors could influence the DNA MMR pathway. We found that in both human and mouse cells, prolonged exposure to hypoxia caused decreased levels of MLH1 and PMS2. Mlh1 expression, specifically, was found to be down-regulated at the mRNA level. Transcript levels from other MMR genes, including Pms2, Msh2, and Msh6, were unaffected. PMS2 protein levels were nonetheless reduced under hypoxia, in keeping with the known instability of PMS2 in the absence of its heterodimer partner, MLH1 (8, 58) . Interference with oxygen-sensing and -signaling pathways by treatment of cells with the iron chelator DFX caused similar reductions in Mlh1 mRNA expression and in MLH1 and PMS2 protein levels, suggesting that the cellular perception of low oxygen tension is a key regulatory element. Mechanistically, the down-regulation was blocked by TSA, implicating histone deacetylation as a critical step in the process. Since transcription factors can alter histone acetylation, we tested for a possible role of the hypoxia-inducible transcription factor HIF-1␣ in the pathway, but it was not found to be required.
Consistent with a reduction in levels of MLH1 and PMS2, we detected increased frequencies of frameshift and slippage mutations in two different reporter constructs in hypoxic cells, the chromosomally based lambda shuttle vector and the episomal pCAR-OF vector. In the lambda vector system in the 3340 cells, mutagenesis in two reporter genes, supFG1 and cII, was examined. In the case of the pCAR-OF ␤-galactosidase assay, hypoxia-induced instability was detected in both HeLa and EMT6 cells. With the HeLa cells, two different methods of quantification were used. The observed genetic instability in hypoxic cells that was consistently detected in all of these assays is in keeping with diminished MMR activity. It should be noted that the reduced MMR activity could result both from the substantial decreases in MLH1 and PMS2 levels and from the suboptimal cellular conditions that are caused by hypoxia (such as low pH and decreased energy production), thereby also causing functional impairment of the remaining repair proteins.
With respect to tumor biology, our results suggest that tumor cells that experience hypoxia may express transient mutator phenotypes (even in the absence of actual mutations in MMR genes) due to decreased Mlh1 expression, leading to acquired genetic instability and contributing to tumor progression (Fig. 7) . Hypoxic regions in solid tumors vary over time and space, and there can be areas of both chronic and acute hypoxia. Hence, hypoxia-induced changes in Mlh1 gene expression may be variable and intermittent, being more pronounced in certain tumors (and certain regions within a tumor) and minimal in others. Overall, this process may help to explain why high levels of hypoxia in human tumors correlate with a worse prognosis and more aggressive behavior compared to the case for less hypoxic tumors (5, 17) .
In addition, the MMR pathway participates in the response of cells to certain types of DNA damage (13) . Cells deficient in MMR factors, including MLH1, MSH2, and PMS2, show increased survival following exposure to alkylating agents and ionizing radiation (13) . Hence, the down-regulation of Mlh1 under hypoxia in solid tumors may promote resistance to agents used in cancer therapy. This possibility is under active investigation.
The ability of hypoxia to alter gene expression in mammalian cells is well established (46) . Genes induced by hypoxia include those for glycolytic enzymes, growth factors, and transcription factors, many of which have roles in tumor angiogenesis and metastasis (49, 55) . Hypoxia has also been shown to decrease the expression of a number of genes, but without clear implications for DNA repair pathways (1, 4, 25, 35, 47, 53) . Interestingly, the extended time course pattern of Mlh1 down-regulation that we observed may explain why previous surveys of the effect of hypoxia on gene expression profiles in mammalian cells via array technology have not identified Mlh1 as a hypoxia-responsive gene, as the prior studies were conducted over shorter time frames of hypoxia exposure (25) .
Our studies provide some initial clues to the mechanism by which Mlh1 is down-regulated in hypoxia. It appears that Mlh1 expression is regulated, at least in part, at the level of transcription. Northern blot analysis revealed reductions in Mlh1 mRNA levels after 24 and 48 h of hypoxia in both mouse and human cells. In addition, the histone deacetylase inhibitor TSA was shown to prevent the hypoxia-induced down-regulation, suggesting that the reduction in Mlh1 mRNA results from changes in transcription initiation and that these changes are mediated by alterations in histone acetylation and chromatin structure. 3270 MIHAYLOVA ET AL. MOL. CELL. BIOL.
We also considered the possibility that promoter methylation might play some role, prompted by reports that in many sporadic human cancers MLH1 is undetectable in histologic sections and that this can be associated with hypermethylation of cytosines at CpG sites within the Mlh1 promoter (16, 22) . We did examine methylation of the Mlh1 promoter in genomic DNA from the cells under the conditions of our experiments, but we were unable to detect any changes in methylation by using either of two different assays (16, 57) . In addition, the methylation inhibitor azaC had a minimal effect on the hypoxia-mediated down-regulation of Mlh1 mRNA (Fig. 4) .
At this point, we cannot completely rule out a role for promoter methylation in Mlh1 down-regulation; however, we can conclude that extensive methylation is not required for the initial effect of hypoxia on Mlh1 expression. One possible mechanism is that Mlh1 down-regulation by hypoxia via histone deacetylation could serve as the initial event in a process of gene silencing that could eventually be augmented by hypermethylation. Such a pathway would be consistent with work pointing to a broad synergism between hypermethylation and histone deacetylation in the regulation of gene expression (3, 41) .
While there appears to be a clear role for histone deacetylation in this pathway, the initiating signal that leads from hypoxia to Mlh1 down-regulation has not yet been elucidated. The fact that exposure to the iron chelator DFX could reproduce the same effects on MLH1 and PMS2 as caused by hypoxia is in keeping with a pathway in which an iron-containing protein responds to oxygen tension to initiate a signal pathway that can alter Mlh1 transcription (7, 45, 63) . The similarity of the DFX-induced and the hypoxia-induced pathways of Mlh1 down-regulation is underscored by the finding that both are blocked by TSA treatment of the cells, indicating that both effects are mediated by histone deacetylation. In addition, while the effect on Mlh1 does not appear to require HIF-1␣, some other HIF-1␣-like transcription factor also subject to oxygen-and iron-dependent proline hydroxylation (or other modification) could still be involved (6, 20, 21, 45, 63) .
Besides the hypoxia-induced repression of Mlh1 and the associated increase in repeat sequence instability reported here, other hypoxia-induced genome changes have been reported, including gene amplification and fragile site induction (11, 36, 37, 60) . Interestingly, gene amplification has also been reported to arise in MLH1-deficient cells (10) , but a direct connection between MLH1-induced and hypoxia-induced gene amplification has not been tested. Nonetheless, together these observations suggest that hypoxia can constitute a profound cellular stress that can promote genetic instability on several levels. This constellation of responses is reminiscent of the multiple genetic changes that have been associated with stationary-phase mutagenesis in E. coli (12, 40) . In response to starvation conditions, several pathways of genome modification are activated in E. coli. Among these are break-induced recombination and a process of point mutagenesis that is pro- FIG. 7 . Model illustrating the pathway of hypoxia-induced genetic instability via down-regulation of the MMR gene Mlh1. The present data support a mechanism in which hypoxia causes histone deacetylation, leading to repression of Mlh1 transcription. Decreased MLH1 protein secondarily leads to destabilization of PMS2. In the setting of reduced levels of the MLH1/PMS2 heterodimer, cellular MMR activity is suboptimal, resulting in increased genetic instability.
VOL. 23, 2003 HYPOXIA-INDUCED Mlh1 DOWN-REGULATION 3271 posed to result from an insufficiency of the MMR factor MutL (40) , which is the Mlh1 homologue. It is tempting to draw a conceptual parallel between the hypoxia response reported here and the E. coli stress response. The response to hypoxia (and possibly to other stresses) may constitute an evolutionarily conserved mechanism by which mammalian cells, like E. coli, can increase their mutation rates under adverse conditions. Unlike the case of unicellular organisms, however, the expression of this pathway within a hypoxic tumor might benefit the individual cancer cells but would be disadvantageous to the organism as a whole.
